SUMMARY
Fbw7 is the substrate recognition component of the Skp1-Cullin-F-box (SCF)-type E3 ligase complex and a well-characterized tumor suppressor that targets numerous oncoproteins for destruction. Genomic deletion or mutation of FBW7 has been frequently found in various types of human cancers; however, little is known about the upstream signaling pathway(s) governing Fbw7 stability and cellular functions. Here we report that Fbw7 protein destruction and tumor suppressor function are negatively regulated by the prolyl isomerase Pin1. Pin1 interacts with Fbw7 in a phoshorylation-dependent manner and promotes Fbw7 self-ubiquitination and protein degradation by disrupting Fbw7 dimerization. Consequently, overexpressing Pin1 reduces Fbw7 abundance and suppresses Fbw7's ability to inhibit proliferation and transformation. By contrast, depletion of Pin1 in cancer cells leads to elevated Fbw7 expression, which subsequently reduces Mcl-1 abundance, sensitizing cancer cells to Taxol. Thus, Pin1-mediated inhibition of Fbw7 contributes to oncogenesis, and Pin1 may be a promising drug target for anticancer therapy.
INTRODUCTION

SCF
Fbw7 is a multicomponent RING-type E3 ligase involved in the regulation of numerous cellular processes by promoting the degradation of critical regulatory proteins including cyclin E (Koepp et al., 2001; Strohmaier et al., 2001 ), c-Myc (Welcker et al., 2004; Yada et al., 2004) , c-Jun (Nateri et al., 2004; Wei et al., 2005) , NOTCH-1 (Gupta-Rossi et al., 2001; Oberg et al., 2001; Wu et al., 2001 ), Sterol regulatory element binding protein-1 (SREBP1) (Punga et al., 2006) , and Mcl-1 (Inuzuka et al., 2011; Wertz et al., 2011) . The F-box protein Fbw7 is a vital component of this complex, as it is the substrate recognition subunit whose primary function is to bind phosphorylated targets (Cardozo and Pagano, 2004; Petroski and Deshaies, 2005; Skowyra et al., 1997) . As it plays such an important role in the overall function of this E3 ligase, dysregulation of Fbw7 leads to various pathological diseases, notably cancer (Crusio et al., 2010; Welcker and Clurman, 2008) .
Characterized substrates recognized by Fbw7, including cyclin E, c-Jun, c-Myc, Mcl-1, and NOTCH-1, are well-known oncogenes involved in a variety of human tumors (Nakayama and Nakayama, 2005; Welcker and Clurman, 2008) . Thus, it has been well documented that Fbw7 is a tumor suppressor whose mutation occurs in multiple neoplasms including colon cancer, breast cancer, and leukemia Malyukova et al., 2007; Strohmaier et al., 2001 ). However, although earlier yeast studies have indicated that Cdc4, the yeast homolog of Fbw7, could undergo self-ubiquitination (Galan and Peter, 1999; Pashkova et al., 2010; Zhou and Howley, 1998) , so far nothing is known of the upstream signaling pathways that govern Fbw7 stability and/or function. Recent studies suggest that Pin1 plays a critical role in regulating the stability of various phosphoproteins (Liou et al., 2011) including most Fbw7 substrates, such as Mcl-1 (Ding et al., 2008) and c-Jun ), but it is currently unknown whether Pin1 could directly regulate the stability and/or function of Fbw7, or any other F-box protein.
Pin1 is the only peptidyl-prolyl cis/trans isomerase (PPIase) that binds to and isomerizes specific phosphorylated Ser/ThrPro (pSer/Thr-Pro) motifs in a subset of proteins, resulting in conformational changes in the proteins (Lu and Zhou, 2007; Nakamura et al., 2012; Tun-Kyi et al., 2011) . These Pin1-induced conformational changes have been shown to regulate various protein functions, including protein stability, catalytic activity, phosphorylation status, protein-protein interactions, and/or subcellular localization (Liou et al., 2011; Lu and Zhou, 2007; Nakamura et al., 2012; Wulf et al., 2005) .
Given the important role for Pin1 in regulating proline-directed phosphorylation, Pin1 has a pivotal role in a variety of biological processes, and its deregulation contributes to various pathological conditions, most notably cancer (Liou et al., 2011; Lu, 2004; Lu and Zhou, 2007; Tun-Kyi et al., 2011) . Pin1 is overexpressed and also activated due to loss of its inhibitor kinase DAPK1, a tumor suppressor, in various human cancers, which contributes to centrosome amplification, chromosome instability, and tumor development in vitro and in vivo, and its overexpression correlates with poor clinical outcomes in human cancer patients (Ayala et al., 2003; Bao et al., 2004; Lee et al., 2011a; Ryo et al., 2001; Suizu et al., 2006) . In contrast, inhibition of Pin1 suppresses tumorigenesis in vitro (Ryo et al., 2002) and prevents cancer development induced by overexpression of oncogenes such as Neu or Ras (Wulf et al., 2004) or by knockout of tumor suppressors such as p53 (Takahashi et al., 2007) in mice. Consistent with these oncogenic phenotypes, Pin1 could either activate a number of oncogenes such as c-Jun , Mcl-1 (Ding et al., 2008) , NOTCH-1 (Rustighi et al., 2009 ), c-Myb (Pani et al., 2008) , and steroid receptor coactivator 3 (SRC-3) (Yi et al., 2005) ; or inactivate multiple tumor suppressors including p53 (Girardini et al., 2011; Takahashi et al., 2007) , promyelocytic leukemia protein (PML) (Yuan et al., 2011) , FOXOs (Brenkman et al., 2008) , and SMRT (Stanya et al., 2008) . In doing so, Pin1 amplifies various oncogenic pathways to facilitate cancer development, thus making it an attractive anticancer target (Lee et al., 2011b; Lu and Zhou, 2007) . However, although Pin1 has been shown to regulate the stability of many proteins, nothing is known about whether Pin1 might directly act on any F-box proteins such as the Fbw7 tumor suppressor.
RESULTS
Fbw7 Abundance Inversely Correlates with Pin1
Expression in Human Cancer Tissues and Is Regulated via the Proteasomal Degradation Pathway Loss of Fbw7 tumor suppressor expression is frequently observed in various human cancers, and this could be attributed to the genetic deletion or mutation of the Fbw7 locus. However, these Fbw7 genetic changes are only observed in up to 6% of all primary human tumors Malyukova et al., 2007; Strohmaier et al., 2001; Welcker and Clurman, 2008) . Therefore, it remains largely unknown what other mechanisms may contribute to reduced Fbw7 tumor suppressor functions in cancers. Accumulated evidence has demonstrated that the activities of multiple Fbw7 downstream targets are subject to regulation by Pin1 (Lee et al., 2011b; Liou et al., 2011; Lu and Zhou, 2007) , suggesting that Pin1 might be involved in regulating the Fbw7 tumor suppressor pathway. Notably, we observed an obvious inverse correlation between Fbw7 and Pin1 abundance in colon cancer clinical samples ( Figures 1A, 1B , and S1A). Additionally, an increased expression of Fbw7 was also observed in Pin1 À/À MEFs when compared to Pin1 WT MEFs (Figures 1C and S1C) , further supporting a possible signaling link between the Pin1 oncoprotein and the Fbw7 tumor suppressor. Surprisingly, depletion of Pin1 did not lead to upregulation of Fbw7 mRNA levels ( Figure S1E ), arguing for a posttranscriptional regulation of Fbw7 by Pin1.
In support of this idea, it has been reported that several F-box proteins including Fbw7 are unstable and regulated posttranslationally through proteasomal degradation (Bashir et al., 2004; Pashkova et al., 2010; Wei et al., 2004) . However, how Fbw7 protein stability is regulated in vivo remains poorly understood. We found that the abundance of ectopically expressed FLAGFbw7 ( Figure 1D ), FLAG-b-TRCP1 ( Figure 1E ), and Myc-Fbl3a ( Figure 1F ) was increased following treatment with the proteasome inhibitor MG132. We also observed an increased expression in endogenous Fbw7 after MG132 treatment (Figures 1G and S1F) . Interestingly, deletion of the F-box motif created a stabilized version of Fbw7 that did not respond to MG132 treatment ( Figures 1H and 1I ), arguing that self-ubiquitination might contribute to the destabilization of Fbw7. Altogether, these results suggest that the Pin1 isomerase may be an upstream regulatory component of Fbw7, whose expression inversely correlates with the abundance of the Fbw7 tumor suppressor.
Pin1
Interacts with Fbw7 in a PhosphorylationDependent Manner As previous studies have shown that the Pin1 prolyl isomerase is capable of modulating the protein stability of various key cell fate regulators, the fact that depletion of Pin1 does not affect Fbw7 mRNA levels ( Figure S1E ) would suggest a direct role for Pin1 in regulating the half-life of Fbw7. In support of Fbw7 being a possible Pin1 target, we detected the interaction between Pin1 and Fbw7 using both in vivo (Figures 2A, 2B , and S2A) and in vitro ( Figure 2C ) binding assays. In addition to Fbw7, we also identified interactions between Pin1 and several other F-box proteins ( Figure S2B ). Consistent with other reported Pin1 substrates (Lu and Zhou, 2007) , Fbw7 binds to both the full-length Pin1 and its WW domain, but not the PPIase domain ( Figures 2D and 2E ). Additionally, this interaction was abolished by the dephosphorylation of Fbw7 with calf intestinal phosphatase (CIP) ( Figure 2F ), indicating that Pin1 binds to Fbw7 in a phosphorylation-dependent manner. This was further confirmed by the observations that an alanine substitution of T205, but not other possible phosphorylation sites specifically diminished the interaction between Pin1 and Fbw7 in vitro ( Figures 2G-2I) . Importantly, we found that the presence of T205 correlates with its sensitivity to MG132 treatment ( Figures S2C and S2D) , indicating that the Thr205-Pro motif of Fbw7 is important for binding to Pin1 as well as regulating Fbw7 stability.
Pin1 Negatively Regulates Fbw7 Stability via Promoting Its Ubiquitination
Given the inverse correlation between Pin1 and Fbw7 abundance in human clinical cancer samples and the phosphorylation-dependent interaction between Pin1 and Fbw7, we next examined whether Pin1 could directly regulate Fbw7 stability. We found that while WT-Pin1 reduced Fbw7 expression ( Figures  3A and S3A ), neither the W34A nor the K63A mutant had any effect ( Figure 3A ), suggesting that both the WW and PPIase domains are required for Pin1 to regulate Fbw7 abundance, as shown for all other known Pin1 substrates (Lu and Zhou, 2007) . Furthermore, T205A-Fbw7 that could not interact with Pin1 (Figure 2B ) displayed resistance to Pin1-mediated downregulation of Fbw7 ( Figure S3B) . Reciprocally, depleting endogenous Pin1 in HCT116 cells led to elevated expression of both endogenous and exogenous Fbw7 ( Figures 3B and 3C) .
We next investigated whether the elevated Fbw7 levels were due to changes in Fbw7 half-life, using the cycloheximide chase ( Figures 3D-3K ), as previously described (Inuzuka et al., 2011; Inuzuka et al., 2010) . In contrast to vector control cells where Fbw7 was unstable, Fbw7 was much more stable in Pin1-depleted cells ( Figures 3D and 3E) . A similar increase in the half-life of endogenous Fbw7 was also observed in Pin1
MEFs when compared to wild-type MEFs ( Figures 3F and 3G) . In confirmation of a regulatory role for Pin1 in Fbw7 stability, Fbw7 displayed increased half-life in Pin1 À/À MEFs expressing W34A/K63A-Pin1 compared to those expressing WT-Pin1
( Figures 3J and 3K ). Additionally, in support of a critical role for T205 in regulating Fbw7 stability ( Figures S2C and S2D ), T205A-Fbw7 was more stable ( Figures 3H and 3I ). Thus, Pin1 appears to be a regulator of Fbw7 by presumably interacting with Fbw7 at T205 to induce a conformational change. Consistent with the tight regulation of Fbw7 turnover by Pin1, we observed reduced levels of Fbw7 ubiquitination in Pin1-depleted cells compared to control vector infected cells (Figure 3L) . Moreover, re-expression of Pin1 in Pin1-depleted cells rescued Fbw7 ubiquitination ( Figure 3L ). In contrast, overexpression of inactive Pin1 mutants, including W34A or K63A, in Pin1-depleted cells did not cause any significant changes in Fbw7 ubiquitination ( Figure 3M 
Pin1 Promotes Fbw7 Self-Ubiquitination by Disrupting Fbw7 Dimerization
Recently, emerging evidence has suggested that F-box protein dimerization is critical for various SCF E3 ligase complexes to exert E3 ubiquitin ligase activity toward downstream substrates (Barbash et al., 2008; Tang et al., 2007; Welcker and Clurman, 2007) . More importantly, an evolutionarily conserved D-domain (also known as a dimerization domain) has been identified in Fbw7, just next to the F-box motif ( Figure 4A ) (Bai et al., 1996) . Interestingly, the Pin1-interacting T205 site is in close proximity to the D-domain ( Figure 4A ), which prompted us to further investigate whether Pin1 binding could affect Fbw7 dimerization.
Consistent with a potential negative role for Pin1 in the Fbw7 dimerization process, depletion of endogenous Pin1 increased Fbw7 dimerization ( Figure 4B ). On the other hand, re-expression (B) Depletion of Pin1 leads to elevated Fbw7 expression. HCT116 cells stably expressing HAFbw7 were infected with shPin1 lentivirus (or shGFP as a negative control), followed by selection with 2 mg/ml puromycin, and then subjected to immunoblot analysis with the indicated antibodies. (C) Depletion of Pin1 stabilizes endogenous Fbw7.
WT or Fbw7
À/À HCT116 cells were infected with shPin1 lentivirus (or shGFP as a negative control), followed by selection with 2 mg/ml puromycin, and then subjected to immunoblot analysis with the indicated antibodies.
(D and E) Depletion of Pin1 increases the half-life of ectopically expressed Fbw7. HeLa cells stably expressing Pin1 shRNA or shControl were transfected with FLAG-Fbw7 and treated with cycloheximide for the indicated times, followed by immunoblot analysis with the indicated antibodies (D) and a semiquantification with actin as a loading control and relative Fbw7 levels at time 0 set as 100% (E).
(F and G) Depletion of Pin1 increases endogenous Fbw7 stability. MEF cells derived from wild-type or Pin1 knockout mice were treated with cycloheximide for the indicated times, followed by immunoblot analysis with the indicated antibodies (F) and a semiquantification with actin as a loading control and relative Fbw7 levels at time 0 set as 100% (G).
(H and I) Pin1 does not affect of the stability of the T205A mutant of Fbw7. HeLa cells were transfected with wild-type or T205A FLAG-Fbw7, and Fbw7 stability was then determined using cycloheximide chase (H). A semiquantification was performed using actin as a loading control and relative Fbw7 levels at time 0 set as 100% (I). (J and K) A dominant negative mutant of Pin1 fails to regulate Fbw7 stability. Pin1 À/À MEFs were stably transfected with either WT or the W34/K63A dominant negative mutant of Pin1. Fbw7 stability was then determined by using cycloheximide chase (J). A semiquantification was performed using actin as a loading control and relative Fbw7 levels at time 0 set as 100% (K). (L) Pin1 promotes in vivo Fbw7 ubiquitination. HeLa cells stably expressing control shRNA or Pin1 shRNA were transfected with FLAG-Fbw7, Myc-Pin1, and/or His-tagged ubiquitin or vector control as indicated, followed by lysis in a buffer containing 6 M urea. Ubiquitin-conjugated proteins were captured with nickelagarose beads and subjected to immunoblot analysis with anti-FLAG antibody. 
Molecular Cell
Pin1 Inhibits Fbw7 Stability and Cellular Function of WT-Pin1, but not the inactive mutant, W34A or K63A Pin1, in Pin1-knockdown cells reduced Fbw7 dimerization in vivo (Figure 4C ). More importantly, purified recombinant Pin1, but not its inactive W34A/K63A mutant, could disrupt Fbw7 dimerization in a dose-dependent manner in vitro at concentrations as used previously (Lu et al., 1999; Nakamura et al., 2012; Zhou et al., 2000) ( Figures 4D, 4E , S4A, and S4B). In contrast, the dimerization of the T205A-Fbw7 mutant, which failed to interact with Pin1 ( Figure 2G ), was not affected by Pin1 expression (Figure 4F ), suggesting that a physical interaction with Fbw7 may be required for Pin1 to disrupt Fbw7 dimerization. Additionally, depletion of endogenous Pin1 did not affect the ability of Fbw7 to complex with Cullin-1 ( Figure S4C ). Furthermore, depleting the F-box motif, which prevents Fbw7 from forming a functional SCF complex, did not affect Fbw7 interaction with Pin1 ( Figure S4D) . Moreover, the T205A-Fbw7 mutant, which fails to interact with Pin1, had comparable ability as WT-Fbw7 to interact with Cullin1 ( Figure S4E ) and Skp1 ( Figure S4F ). These results suggest that Pin1 does not inhibit Fbw7 from forming an active SCF-type of E3 ligase so that the ability of Pin1 to regulate Fbw7 stability might stem from its ability to interfere with Fbw7 dimerization. Several groups have clearly demonstrated that deletion of the D-domain significantly reduced the ability of Fbw7 to ubiquitinate downstream targets ( Figure 4N ) (Tang et al., 2007; Welcker and Clurman, 2007) . Consistent with their findings, ectopic expression of Pin1, which affects the dimerization of WT, but not the T205A mutant form of Fbw7 ( Figures 4C-4F) , severely reduced the ability of WT-Fbw7, but not T205A-Fbw7, to interact with Mcl-1 ( Figure 4G ). Next, we went on to explore mechanistically how manipulation of Fbw7 dimerization might affect Fbw7 stability. We found that DD-Fbw7, a mutant that fails to form dimers ( Figure S4G ), still interacted with Cullin-1 as efficiently as WT-Fbw7 ( Figure S4H ). These results suggest that although Fbw7 monomers could not efficiently ubiquitinate downstream substrates, there may still be an intact and functional SCF Fbw7 complex. Thus, we further reasoned that the blockage of SCF Fbw7 activity toward its downstream substrates might rechannel the E3 ligase activity of Fbw7 toward itself, leading to increased self-ubiquitination ( Figure 4N ). In support of this hypothesis, we found a significant increase in DD-Fbw7 ubiquitination compared to WT-Fbw7 ( Figure 4H) . Furthermore, the F-box-deleted form of Fbw7 (DF-Fbw7) had a much more reduced ubiquitination than WT-Fbw7 ( Figure S4I ), suggesting that self-ubiquitination of Fbw7 may be the primary means of regulating Fbw7 stability in this experimental setting. Consistent with this model, we further demonstrated that compared to WT-Fbw7, DF-Fbw7 displayed a longer half-life, while DDFbw7 exhibited a much shorter half-life ( Figures 4I and S4J) .
In keeping with the notion that Pin1 regulates Fbw7-stability and E3 ligase activity by disrupting Fbw7 dimerization ( Figures  4B-4F) , purified recombinant Pin1, but not its inactive point mutant, efficiently increased Fbw7 self-ubiquitination in vitro ( Figures 4J and S4K) . Conversely, depletion of endogenous Pin1 led to reduced Fbw7 self-ubiquitination in vivo ( Figure S4L ). More importantly, consistent with Pin1-mediated disruption of Fbw7-dimerization being critical for Fbw7 to ubiquitinate its downstream substrates, ectopic expression of Pin1 severely reduced the ability of WT-Fbw7, but not T205A-Fbw7, to promote Mcl-1 ubiquitination in vivo ( Figure S4M ). Furthermore, purified recombinant Pin1, but not its inactive point mutant, also reduced Fbw7-mediated ubiquitination of Mcl-1 in vitro (Figure S4N) . These results together indicate that Pin1 can promote Fbw7 self-ubiquitination, leading to destabilization of Fbw7, in part by disrupting Fbw7 dimerization, which subsequently also leads to reduced SCF Fbw7 E3 ligase activity toward Fbw7
substrates. However, neither F-box nor D-domain deletions have been observed in any pathological condition. Instead, mutations in the WD-40 substrate interaction motif of Fbw7 have frequently been observed in many types of human cancers. These mutations typically result in the abolishment of Fbw7 interaction with its downstream substrates. While not mechanistically identical to Pin1 overexpression that is associated with tumorigenesis, we reasoned that these types of Fbw7 mutations should functionally resemble Pin1 overexpression, as they ultimately lead to reduced ubiquitination of Fbw7 substrates. Therefore, we examined whether these Fbw7 genetic mutations also promoted Fbw7 self-ubiquitination. Indeed, we observed shRNA lentiviral vectors and selected in 1 mg/ml puromycin for 72 hr to eliminate the noninfected cells. Afterwards, the generated cells were transfected with the indicated HA-Fbw7 and/or His-tagged ubiquitin or vector control as indicated, followed by immunoprecipitation with nickel-agarose beads and immunoblot analysis with anti-HA antibody.
(M) T-ALL-derived hot-spot Fbw7 mutants displayed shortened Fbw7 half-life. HCT116 cells were transfected with the indicated HA-Fbw7 constructs and Fbw7 stability was then determined using cycloheximide chase.
(N) A proposed model for Pin1 regulation of Fbw7 self-ubiquitination and stability via inhibiting Fbw7 dimer formation. In addition, we also propose that mutations in Fbw7 that disrupt its ability to ubiquitinate its downstream substrates will phenocopy Pin1 overexpression in promoting Fbw7 self-ubiquitination and subsequent degradation. (See also Figure S4 .) a significant increase in ubiquitination of the three hot-spot Fbw7 mutants derived from T cell acute lymphoblastic leukemia (T-ALL) (Inuzuka et al., 2011; Maser et al., 2007) (Figure 4K ). More importantly, depletion of endogenous Pin1 led to a significant reduction in the self-ubiquitination of WT-Fbw7, but not R465H-Fbw7, a mutant that cannot interact with its downstream targets ( Figure 4L ). Our findings that both mutation of the substrate binding motif of Fbw7 and overexpression of Pin1 leads to reduced Fbw7 interaction with its substrates suggest that they may utilize a similar mechanism to rechannel the E3 ligase activity of Fbw7 toward self-ubiquitination, thereby excluding a possible additive effect. Furthermore, compared with WT-Fbw7, these three mutants displayed a much shorter half-life ( Figure 4M ), although their binding to Cullin-1 was not affected by the mutations ( Figure S4O ). These results suggest that in addition to inactivating SCF Fbw7 E3 ligase activity, the mutations in the Fbw7 substrate recognition motif might also result in accelerated self-destruction of the Fbw7 tumor suppressor, facilitating tumor formation. In keeping with this hypothesis, we observed that T-ALL cell lines harboring mutations in the WD40-repeat domain displayed reduced expression of Fbw7 ( Figure S4P ), which is largely due to a shortened Fbw7 half-life ( Figure S4Q ). In addition, Glomulin, a putative tumor suppressor protein mutated in the vascular disorder glomuvenous malformation (GVM), has been recently identified to be a negative regulator of Fbw7 stability (Tron et al., 2012) . However, the underlying molecular mechanism for this regulation is not fully understood. Interestingly, we found that ectopic expression of Glomulin promoted Fbw7 dimerization in vivo ( Figure S4R ), whereas depletion of endogenous Glomulin impaired Fbw7 dimerization in vivo ( Figure S4S ). Taken together, the above results indicate that Fbw7 dimerization plays an important role in regulating Fbw7 stability under various pathological conditions ( Figure 6B ).
Pin1-Mediated Downregulation of Fbw7 Contributes to Tumorigenesis
Given the important role of Pin1 in regulating Fbw7 stability, a key question is whether Pin1 affects the cellular functions of Fbw7. Consistent with the tumor suppressor function of Fbw7, cells expressing HA-Fbw7 showed a significantly lower number of foci ( Figures 5A-5C ) and colonies in soft agar (Figures 5D-5F ). Moreover, depletion of Pin1 also significantly reduced foci number and anchorage-independent colony growth, which displayed a more dramatic suppression effect in the HA-Fbw7-expressing cells (Figures 5A-5F ), a phenotype that might be partly due to elevated levels of Fbw7 after Pin1 depletion (Figure S5A) . Consistent with the regulatory function of Pin1 on Fbw7, depletion of Pin1 impaired cell growth similarly to ectopic expression of HA-Fbw7, while expression of Fbw7 in Pin1-depleted cells delivered a synergistic inhibitory effect on cellular proliferation ( Figure 5G ). More importantly, ectopic expression of WT, but not the enzyme-dead version (W34/K63A) of Pin1, led to a significant increase in foci formation ( Figure S5H ) and anchorage-independent growth ( Figures S5I and S5J) , arguing that the prolyl isomerase activity of Pin1 is required for its oncogenic activity. In keeping with this finding, cells expressing T205A-Fbw7 displayed reduced foci formation ( Figure S5H ) and anchorage-independent growth ( Figures S5I and S5J ) in response to exogenous Pin1 expression. These results together demonstrate that Pin1 may exert its oncogenic function by suppressing the ability of Fbw7 to reduce cell transformation and cell proliferation.
Recent studies have indicated an important role for Fbw7 in regulating apoptosis by modulating the stability of Mcl-1 (Inuzuka et al., 2011) , and in regulating the resistance of colon cancer cells to Taxol (Wertz et al., 2011) . Consistent with a previous report (Wertz et al., 2011) , Fbw7 À/À DLD1 cells were much more resistant to Taxol compared to Fbw7-WT DLD1 cells ( Figure 5I ). Interestingly, depletion of endogenous Pin1 led to a sharp decrease of Mcl-1 (Figure 5H ), presumably due to increased Fbw7 ( Figures 3C, 5H , and S5A). In keeping with the reduction of the prosurvival factor Mcl-1 ( Figure 5J ), Pin1-depleted DLD1-WT cells became more sensitive to Taxol treatment, compared with control shRNA-infected DLD1-WT cells ( Figure 5I ). On the other hand, depletion of endogenous Pin1 did not significantly affect the Mcl-1 abundance in Fbw7
DLD1 cells ( Figure 5K ). As a result, there was no significant change of Taxol sensitivity after depletion of Pin1 ( Figure 5I ), especially at high levels of Taxol treatment. These results indicate that Pin1 mainly regulates the abundance of Mcl-1 by modulating the stability of Fbw7, leading to changes in cellular sensitivities to chemotherapeutic agents. Given the critical role of Pin1 in regulating the tumor suppressor function of Fbw7, next we were interested in further understanding whether in pathological conditions such as cancer, disregulation of upstream signaling pathways could lead to the inactivation of the tumor suppressor function of Fbw7. To this end, our previous studies have shown that activation of many oncogenic pathways, such as the Ras/Neu signaling pathway, can lead to elevated expression of Pin1 (Ryo et al., 2002) . In keeping with this finding, we demonstrated that there was an obvious reduction of endogenous Fbw7 protein levels coupled with a significant induction of Fbw7 substrates, including c-Jun and Mcl-1, in Ras/Neu-expressing cells ( Figure 6A ). Importantly, depletion of Pin1 in Ras/Neuexpressing cells led to restoration of Fbw7 expression levels and a subsequent decrease in various Fbw7 substrates. These results indicate that Pin1 may be a possible route through which oncogenic Ras/Neu might suppress Fbw7 activity to promote tumorigenesis ( Figure 6B ). Therefore, our work demonstrates that aberrant gain of oncogenic functions, including overexpression of Ras/Neu or Pin1, in tumor cells can possibly lead to impaired Fbw7 dimerization ( Figures 4B and 4C) , resulting in reduced E3 ligase activity of Fbw7, which facilitates tumorigenesis. Moreover, our work also indicates that genetic mutations in Fbw7 ( Figures 4K and 4L ) and loss of Glomulin activity ( Figures S4R and S4S) can disrupt Fbw7 dimerization, leading to reduced E3 ligase activity, which would also facilitate tumorigenesis. These findings uncover the physiological significance of Fbw7 dimerization in controlling the E3 ligase and tumor suppressor function of Fbw7, which can be impaired in tumor cells by multiple means, including gain of oncogenic mutations and/or loss of certain tumor suppressor functions ( Figure 6B ). (See also Figure S5 .)
DISCUSSION
Fbw7 is a well-characterized major tumor suppressor, which is frequently inactivated by mutation or genetic deletion in various types of human cancers Malyukova et al., 2007; Strohmaier et al., 2001 ). However, little is known about the upstream regulation of Fbw7. Here we report that Fbw7 can be regulated by proteasomal degradation, a process that is promoted by Pin1. Specifically, we found that Pin1 directly interacts with Fbw7 to disrupt Fbw7 dimerization, a process that has been recently identified as a key regulatory mechanism for the function of many well-characterized F-box proteins (Barbash et al., 2008; Tang et al., 2007; Welcker and Clurman, 2007) . As a result, Pin1 blocks the ability of Fbw7 to mediate substrate degradation, but instead promotes Fbw7 self-ubiqutination. Interestingly, compared to WT-Fbw7, T-ALL-derived Fbw7 mutants with impaired ability to ubiquitinate substrates also displayed increased self-ubiquitination and shorter half-life. Therefore, our results support a model in which blockage of the normal E3 ligase activity of Fbw7 toward its physiological substrates may rechannel this destruction machinery to selfdegradation ( Figure 4N ). In addition to providing the molecular mechanisms for Pin1-mediated regulation of Fbw7 stability, we demonstrated that overexpression of Pin1 suppresses the ability of Fbw7 to inhibit cell transformation and proliferation. Moreover, depletion of Pin1 sensitized cells to Taxol, a phenotype that correlates with the reduction of the prosurvival factor Mcl-1. These results implicate Pin1 as an upstream regulatory protein for the Fbw7 signaling pathway and further suggest that overexpression of Pin1 may contribute to the frequent loss of Fbw7 tumor suppressor function found in human cancers. Consistent with this hypothesis, we found that in a panel of breast cancer cell lines, there is a positive correlation between Pin1 overexpression and the elevated expression of Fbw7 substrates in cells bearing wildtype Fbw7 ( Figure S1B ).
In contrast to loss of Fbw7, Pin1 overexpression is frequently observed in human cancers, which promotes cell proliferation and transformation and correlates with poor clinical outcome (Lee et al., 2011b; Lu and Zhou, 2007) . The oncogenic potential of Pin1 is mostly attributed to its ability to regulate a wide range of signaling pathways (Lee et al., 2011b) . Interestingly, most Fbw7 downstream substrates, including, c-Jun , NOTCH-1 (Rustighi et al., 2009 ), c-Myb (Pani et al., 2008) , SRC-3 (Yi et al., 2005) , CCAAT/enhancer binding protein a (C/EBPa) (Jeong et al., 2009) , and Mcl-1 (Ding et al., 2008) , have been identified to be Pin1 substrates as well. We found that the expression of the Fbw7 substrates SREBP1, Mcl-1, and c-Jun were also regulated by Pin1 (Figures S5C-S5F ). This presents an intriguing and unanswered question regarding the exact molecular mechanism by which Pin1 modulates these key cell regulators.
Our data clearly demonstrate that this could be achieved by two complementary means ( Figure 6C ). For some substrates such as Mcl-1, Pin1 primarily regulates its abundance through modulating Fbw7 stability. In Fbw7 À/À cells, Pin1 failed to influence Mcl-1 abundance ( Figures 5H, 5K , and S5B). However, other Fbw7 substrates, such as c-Jun, still respond to depletion of Pin1 in the Fbw7 À/À background, indicating that Pin1 may directly regulate c-Jun stability through an additional E3 ligase other than Fbw7 ( Figure 5H ). We recognize that it requires additional investigation to fully understand the exact physiological role for Pin1 in governing the stability of multiple Fbw7 substrates. However, it is clear that either route, regulation of the substrate directly or indirectly through Fbw7 stability, leads to elevated expression of the substrate. Since most Fbw7 substrates are well characterized oncoproteins (Welcker and Clurman, 2008) , this may offer a molecular understanding for the oncogenic role for Pin1. The findings that Pin1 inhibits Fbw7 offer an exciting mechanism to manipulate Fbw7 activity in human diseases. To this end, it has been shown that reducing Pin1 expression or restoring Fbw7 function in cancer cells effectively suppresses tumorigenesis (Inbal et al., 1997; Wulf et al., 2004) . Our results indicate that oncogenic Pin1 may be an important enzyme, which can physiologically suppress Fbw7 functions. In addition to Fbw7, we also identified the interaction between Pin1 and many other F-box proteins ( Figure S2B ). This indicates that Pin1 might potentially regulate the stability of a wide spectrum of F-box proteins, allowing Pin1 to influence a greater range of signaling pathways. However, many more studies are warranted to fully understand the exact role of Pin1 in the stability control of other F-box proteins. Nonetheless, these results taken together make Pin1 an attractive therapeutic target, inhibition of which could potentially upregulate the expression of Fbw7 and other F-box proteins to retard the growth of human tumor cells.
EXPERIMENTAL PROCEDURES
Immunohistochemistry, Immunostaining, and Immunoblotting Analyses Formalin-fixed and paraffin-embedded tissue microarrays of human colon cancer tissues were purchased from Imgenex (IMH-359; San Diego, CA). Immunohistochemical staining for Pin1 and Fbw7 was performed as described previously (Lee et al., 2011a; Ryo et al., 2003) . Fbw7 antibody for IHC was purchased from Bethyl.
In Vitro Fbw7 Dimerization Assay
The in vitro Fbw7 dimerization assays were performed similarly, as described before (Ryo et al., 2003; Zhou et al., 2000) . Briefly, FLAG-Fbw7 and HA-Fbw7 constructs were transfected in HCT116 Fbw7 À/À shPin1 cells. Cells were treated with nocodazole (50 ng/ml) 40 hr posttransfection for 12 hr, and anti-FLAG immunoprecipitation was performed to affinity-purify Fbw7 protein. FLAG-Fbw7 was eluted out using 33 FLAG peptide (from Sigma), and 0.3 mM of eluted proteins were incubated with increasing doses (0, 0.3, 1, or 3 mM) of recombinant WT-Pin1 or W34/K63A mutant Pin1 as described previously (Lu et al., 1999; Nakamura et al., 2012; Zhou et al., 2000) before HA-immunoprecipitation was performed. The recombinant Pin1 (0, 0.3, 1, or 3 mM) used in the assay is in the stoichiometric range of concentrations relative to eluted Fbw7, as described for other Pin1 substrates (Lu et al., 1999; Nakamura et al., 2012; Zhou et al., 2000) . The recovered proteins were resolved by SDS-PAGE and probed with the indicated antibodies to monitor Fbw7 dimer formation.
Foci Formation and Soft Agar Colony Formation Assays
Foci formation assays were performed by seeding 500 cells in 6-well tissue culture dishes, and soft agar assays were done by seeding 500 cells in 6-well tissue culture dishes containing 0.3% top low-melt agarose-0.5% bottom low-melt agarose as previously described (Ryo et al., 2002) . Cells were fed every 3 days, and colonies were counted and measured after 2-3 weeks.
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